ABSTRACT This paper presents an energy-efficient wireless transmission scheme for battery-less vehicle tire pressure monitoring system (TPMS). Our proposed transmission scheme includes a wake-up communication link with 125-kHz carrier frequency and a data communication link with 433-MHz carrier frequency. Considering the TPMS application requirements and the special nature of the vehicle environment, we derive the relevant circuit parameters. In order to verify the reliability of the wireless communication system under the derived circuit parameters, we design an in-tire data transmitter and wake-up receiver. The 125-kHz wake-up receiver adopts dual-channel to improve the communication reliability and logarithmic amplifiers to achieve ASK demodulation and dynamic range compression. The receiver is implemented in 0.35-µm high voltage (HV) BCD process. Experiment results show that typical power consumption of the receiver is no more than 5 µA under 3.3 V supply voltage; the maximum data rate is 35 kb/s with 0.5 mVpp sensitivity. On the other hand, the data transmitter is implemented in 0.18-µm MMRF process. Experiment results show that the typical power consumption is 7.3 mA under 1.8 V supply voltage, and the emission power is −10 dBm@433.92 MHz with a phase noise of −103 dBc/Hz@300 kHz. System level experiments demonstrate that the proposed wireless transmission scheme fulfills the vehicle TPMS requirements. The data transmitter and wake-up receiver can communicate with the commercial data receiver and wake-up transmitter in the range of 20 m, which meets the requirements of most vehicles.
I. INTRODUCTION
With the development of automobile electronics, traffic safety has become an increasing demand, and Tire Pressure Monitoring System (TPMS) becomes an essential safety system in vehicles. US, SAE and ISO have issued the different TPMS standards [1] - [3] , respectively. China also issued national recommended TPMS standard [4] in 2011. In general, TPMS products are powered by lithium batteries. Lithium battery has a limited life. As time goes by, the battery's performance will deteriorate; while replacing the lithium battery needs to disassemble the tire, which leads the operation very inconvenient. The drawback is that the deterioration of the battery performance has a bad impact on the precision and accuracy of TPMS. For the above-mentioned reasons, we propose a battery-less and energy-efficient TPMS scheme [5] .
System architecture of the battery-less TPMS is shown in Fig.1 . It is composed of tire status data processing module, display module and wireless communication module. The 13.56 MHz wireless energy transmission and power recovery module used to drive commercial TPMS products based on Infineon SP37, which is an off-the-shelf commercial chip and widely used in this area. It is an in-tire SoC which can process the tire status data, such as pressure and temperature, etc. Structure of the 13.56MHz wireless transmission and power recovery module is shown in Fig.2 . Practical test environment of the wireless energy transmission and power recovery module is shown in Fig.3 .
Due to the limited energy transmission capacity of the implemented wireless energy transmission module and its interference to TPMS wireless communication, battery-less TPMS wireless communication module need to meet different requirements. These mainly includes low-power, data transfer reliability, anti-EMC and ESD protection ability and so on.
Wireless transmission is a key part in TPMS. The proposed wireless transmission scheme consists of two parts: the wake-up communication link for TPMS system low-power and the data communication link for the transmission and reception of tire status data, such as pressure, temperature, etc. Both of the above mentioned two communication links consist of a receiver and transmitter. To reduce the power consumption of the in-tire remote sensing module (RSM), a dual-band two-way communication scheme is adopted, in which the 433MHz communication link completes the transmission and reception of tire status data, and the 125kHz communication link for wake-up data. The proposed wireless communication scheme for battery-less TPMS is shown in Fig.4 .
The rest of this paper is organized in the following way. In section II, derivation of the wireless transmission link for 125kHz wake-up communication link and 433MHz data transmission link are described in detail. It also gives a brief introduction to the wake-up receiver and data transmitter design parameters. In Section III and IV, we make a detail description on the 125kHz wake-up receiver and the 433MHz data transmitter's circuit design and chip test, respectively. In Section V, we conclude this paper and recommend directions for future research work.
II. DERIVATION OF WIRELESS TRANSMISSION LINK
In this section, we discuss the derivation of the transmission loss for 125kHz wake-up communication link and 433MHz data communication link. We will obtain the key design parameters of the transmitter and the wake-up receiver.
A. 125 kHz COMMUNICATION LINK CALCULATION
In the proposed TPMS wireless communication scheme, the 125kHz wake-up receiver needs to monitor the state of the wake-up signal all the time. Therefore, the receiver's low power design is very critical. According to the electromagnetic wave band division method, 125kHz belongs to the low frequency (LF); and according to its wavelength, it belongs to the long wave (LW) frequency band. Although 125kHz is out of the ISM frequency band, it can also be free to use since the frequency is below 135kHz.
Absorption rate of 125kHz for non-metallic materials and water is relatively low, and this frequency is much sensitive to the communication distance changes, thus it can be used in an inductive coupling way. The communication distance of LF is longer than that of the high-frequency (HF), but its data rate is low. The antenna transmission direction of the LF communication is not sensitive, so it has a stronger ability to bypass obstacles and better ability to anti-interference than that of HF communications [6] .
LF wireless communication receivers are composed of frequency selection filters, amplifiers, demodulators, comparators and some other modules, the circuit design will be less difficult than that of the RF receiver. The basic transmission loss of electromagnetic waves [7] in free space can be found in:
where L os is transmission loss in the free space, with a unit dB; D is transmission distance, with a unit m; f is the frequency of electromagnetic waves, with a unit MHz. The received power at the receiving end in the free space for the point-to-point transmission link [8] is: (2) where P r is the received power in dBm; P t is the transmitted power in dBm; G t is the gain of the transmitting antenna in dBi; G r is the gain of the receiving antenna in dBi; L t is the transmitter intermediate loss in dB; L r is the receiver intermediate loss in dB. Setting G t = G r = 2dBi (usually 1-3dBi), D=20m, L t = L r = 10dB, P t = −10dBm, f=0.125MHz in Eq.(1) and Eq.(2), we get L os = −16dB, P r = −44dBm. The conversion relationship between dBm and Vpp is:
If the 50-ohm impedance matching is used, the Vpp value is about 5mVpp. Because this design works at low frequency, it is not necessary to consider the 50-ohm conjugate matching requirements, a higher resonant quality factor LC parallel resonant network can be selected to suppress noise and improve system sensitivity. If the receiver sensitivity is too high, the noise signal and interference can easily flood the input signal, additional circuitry need to ensure the receiver demodulate correctly; it will increase the complexity of the circuit, therefore increase the overall system power consumption. Based on the above analysis, the receiver sensitivity is set to 4mVpp.
B. 433 MHz COMMUNICATION LINK CALCULATION
The communication quality of the wireless communication system is greatly influenced by the wireless channel; the wireless channel has a large randomness. The moving speed and temperature of the communication terminal also have a great influence on quality of the wireless communication [9] . In the 433MHz electromagnetic wave's transmission process, there are multipath loss, penetration and diffraction loss and other issues. When choose the transmission model, we need to take into account the above factors.
The wireless propagation model is divided into indoor model and outdoor model. The wireless communication of TPMS is suitable for outdoor model. The outdoor propagation model mainly includes Okumura model [10] , Longley-Rice model [11] and Hata model [12] . According to the design of the application scenario, Okumura model is the most appropriate, it can be expressed by:
where D is the distance between the transmitter and the receiver, L 50 is 50% of the loss of the transmission path, L f is the free space loss, A mu (f, D) is the median loss of free space, G(h t ) is the antenna height gain factor of the transmitter, G(h r ) is the antenna height gain factor of the receiver, G AREA is the gain caused by the environment type. The values of A mu and G AREA can be obtained from the empirical values of the Okumura model [10] . And the empirical formula of G(h t ) and G(h r ) can be written as
The transmission loss is calculated according to the application environment of this design. The transmitter height changes as the wheel rotates; taking the mean and the transmitter is about at the center of the wheel, so the transmitter antenna height can be set as h t = 0.8m. The receiver is placed in the central control module of the car cab, so we can assume that the receiver antenna height h r = 1m. Taking into account the differences in the size of different vehicle types, assuming that the transmission distance D=20m, the free space transmission loss [13] can be calculated from
where G 1 is the product of the transmitter and receiver antenna gain, and G 1 =1 is assumed and λ is the wavelength of the carrier, thus we have
By querying the Okumura model empirical-curve, we get
Considering open areas, semi-open areas and suburbs and other correction factors and take the mean, we get
According to the actual situation of the vehicle, the 433MHz data transmitter antenna height is set to 0.8m, which does not meet the application conditions 30m < h t < 1000m in Eq.(5). However, there are some reference value to use it to calculate the antenna height gain factor of the transmitter G(h t ). From Eq. (5) and Eq. (6), we get
Combining Eq. (4) and Eq.(8-12), we obtain (13) Antenna effective omnidirectional transmit power (EIRP) is determined by
In general, 433MHz antenna gain is 2dBi, assuming that the transmitter's emission power G t = −10dBm, one obtains the following from Eq. (14):
Combining the Eq. (13) and Eq. (15), we get the received power
According to the above derivation, the receiver sensitivity is −107dBm. Considering the influence of various non-ideal factors, the sensitivity of the receiver is determined to be −110dBm. The 433MHz data transmitter transmits tire status data to the central control module in the cab. Design steps of 433MHz data transmitter are as follows: (1) According to the application requirements and related communication protocol, select the transmitter architecture, and determine the composition of the transmitter function module; (2) Simulate in system-level to get the design parameters; (3) Design the circuit to meet the parameters and verify the circuit; (4) Complete the layout design and design verification, includes ERC, DRC, LVS, PEX and post-layout simulation.
As the bit error rate of the transmitter is not high, but the power requirements are high, this design adopts ASK modulation. According to GB/T 26149-2010 provisions of high-frequency information frame length should not exceed 10ms, and a frame of this application is about 100bit. Taking into account the Ministry of Industry ''micro power (short distance) radio equipment technical requirements'' [13] , the 433MHz data transmitter channel width is set to 300kHz, and the data rate is set to 20kbps.
According to GB/T 26149-2010 on the transmitter output power requirements, TPMS RF transmitter system should comply with the ''Ministry of Information Industry Radio [2005] 423 micro-power (short distance) radio equipment technical requirements'' for wireless control equipment requirements: When the tire pressure monitoring transmitter in 0-1 modulation state, the transmit power cannot exceed −20dBm. As TPMS wireless communication works intermittently, considering the proportion of time that the transmitter to send data to the total monitoring cycle, we can derive the maximum output power to meet the requirements is 2dBm. Therefore, the range of transmitter emission power is set to −15-2dBm.
Transmitter carrier signal is generated by the phase-locked loop (PLL). PLL phase noise will reduce the communication quality; considering the application requirements, the PLL phase noise is set −100dBc/Hz@300kHz, detailed PLL phase noise is derived in [14] .
Since the transmitter normally operates in sleep mode, the tire pressure monitoring standard requires that the TPMS system monitors the tire pressure at regular intervals and require frequent opening and closing. If the PLL lock time is too long, the phase stabilization process will consume a large power, thus the PLL lock time is set to less than 150µs.
The transmitter adopts UMC 0.18µm MMRF 1P6M process, and the IO voltage is 3.3V (easy to connect with other tire monitoring module), the core voltage is 1.8V, the carrier frequency is 433.92MHz (UHF ISM). According to GB/T 26149-2010 requirements for in-tire monitoring module, Section E of the ETSI 300 220-1 V2.3.1 protocol [15] and Section 15.231 and Section 15.240 [16] of the US FCC 7690 VOLUME 6, 2018 Part 15, we get 433MHz data transmitter design parameters in Tab.1.
III. THE 125 kHz WAKE-UP RECEIVER
In this section, we will introduce the architecture of the receiver and also derive the main design parameters to meet the wireless communication requirement analyzed in section II-A.
A. ARCHITECTURE OF THE WAKE-UP RECEIVER
Architecture of the proposed 125kHz wake-up receiver is shown in Fig.5 . It consists of off-chip LC matching network, logarithmic amplifiers, full-wave rectifier (FWR), current summation unit, data filter, peak detector, hysteresis comparator and digital logic processing unit. The number of receiver channels has a great impact on reliability and power consumption of the TPMS. On one hand, the less channels, the less power consumption. On the other hand, the more channels, the higher reliability. If there is only one channel, the system will break down once this channel fails to process the received wake-up signals. Considering the receiver normally operates in monitoring mode and its power consumption, and to improve the communication reliability of the wake-up system in harsh electromagnetic environment, this design adopts dual channel structure with two orthogonal placed receiver antennas.
Logarithmic amplifier processes the contradiction among input dynamic range, power consumption and set-up time. After full-wave rectified, current signal is transformed into voltage signal by data filter, and the hysteresis comparator transforms the detected wake-up signal into logic high voltage. When the wake-up condition is satisfied, the receiver will output a wake-up signal to wake up the in-tire monitoring module.
The logarithmic amplifier is used to realize the dynamic range compression of the input detection signal; the fullwave rectifier is used to achieve ASK demodulation. The logarithmic amplifier adopts a multi-stage amplifier to amplify the detection signal step-by-step to approximate the logarithmic characteristic without requiring a single-stage amplifier with logarithmic transmission characteristics. The single-stage amplifier is actually a limiting amplifier, when the input amplitude is less than a certain threshold, the gain is constant; when the input amplitude is greater than the threshold, the gain is 0. Assuming that the input signal V in gradually increases from 0, when the input signal V in is relatively small, the Nth cascaded amplifier has not entered the saturation state, then the output V out can be expressed as (17) where, A is the gain when the single-stage amplifier is not saturated, and V L is the amplitude of the output voltage when the single-stage amplifier enters the saturation state. When V in is increased to V k so that the kth stage just enters the clipping state, then we get Combining Eq. (18) and Eq. (19), we have
Each of the points where the amplifier is saturated is marked in the figure and connected in a straight line to obtain the transmission characteristic curve of the logarithmic amplifier, as shown in Fig.6 . The lower limit of the dynamic range is V inmin = V L /A n . In order to obtain the logarithmic transmission relation, A should be large and k > 0, and at least the last stage enters the clipping state. The upper limit of the dynamic range of the logarithmic amplifier is the input amplitude V inmax = V L /A when the first stage enters the clipping state. The input dynamic range is
As can be seen from Eq. (22), dynamic range of the logarithmic amplifier is a function of the number of the logarithmic amplifier stages. Thus, it will increase by increasing the single-stage gain or stages. Accuracy of the logarithmic amplifier can be approximated as in
where y 2 is the polyline shown in Fig.6 and y 1 is the ideal logarithmic characteristic curve. When A 1, y 1 is represented by Eq.(19), we can get
From Eq.(23-25) we find, once the single-stage gain A fixed, the higher the number k, the higher the accuracy δ max ; Once the number of stages k is fixed, the higher the single-stage gain A, the lower the accuracy δ max . The larger the singlestage gain A of the logarithmic amplifier, the larger the dynamic range and the lower the accuracy δ max . The more the stages, the greater the dynamic range and the more increase of power consumption. Therefore, design of the logarithmic amplifiers is a compromise between dynamic range, stability, accuracy and power consumption. The dynamic range is theoretically proportional to A n−1 . In practice, the lower limit of the dynamic range depends on the noise floor and receiver signal to noise ratio requirement. Actual signal transmission distance is about 20m. Considering the direction, disturbance and emission power of the wake-up transmitter, the required dynamic range is about 50dB. Combining the above analysis with the application of this design, the single-stage gain of the logarithmic amplifier is set to 14 dB and the number of stages is 5, thus the calculated dynamic range is 56dB, which meets the specification. 
B. DESIGN OF WAKE-UP RECEIVER CIRCUIT 1) LOGARITHMIC AMPLIFIER WITH FULL-WAVE RECTIFIER
Schematic of the single stage logarithmic amplifier associated with full-wave rectifier is shown in Fig.7 . M 1 , M 2 and M 3 have the same size; M 1 and M 2 form a differential amplifier, acting as the limiting amplifier. M 3 acts as the transconductance unit, its gate is connected to the gate of M 1 and M 2 through high value resistors R 1 and R 2 ; M 3 has the same common-mode voltage with M 1 and M 2 . The output current of M 3 mainly consists of two parts, one is a constant current related to the common-mode bias voltage; the other is a varying current which has an approximate linear relationship with the input AC signal [17] . When there is no input signal, I D1 = I D2 = I D3 ≈ I B /3; When V IP is very large, M 1 off, M 2 turns on, then I D2 ≈ I B , I D1 = I D3 ≈ 0; when V IN is very large, M 2 off, M 1 turns on, then I D1 ≈ I B , I D2 = I D3 ≈ 0; when V IP and V IN are between 0 and very large value, I D3 is between I B /3 and 0. The input voltage is converted to current signal, while its strength is approximate linear with the input voltage signal, which achieves full-wave rectification [17] , [18] I B = I D1 + I D2 + I D3 (26) 7692 VOLUME 6, 2018
M3 operates in linear region, and the current is
When V DS is small, Eq.(29) can be expressed as
2) HYSTERESIS COMPARATOR Logarithmic amplifier's small signal gain is very high, so it is sensitive to noise and disturbance. Hysteresis comparator can reduce such interference, and it can also convert the ASK demodulated signal into digital one to the subsequent digital logic processing unit. There are two feedback paths in Fig.8 . The first is M 1 and M 2 common source node's serial current negative feedback [19] ; the second is parallel voltage positive feedback which connecting M 5 and M 6 's gate and drain [20] . When the positive feedback coefficient is smaller than the negative one, the circuit will show a negative feedback and lose hysteresis effect. While the positive feedback coefficient is bigger, the circuit will have positive feedback, and the voltage transfer curve has hysteresis effect. So it requires that the aspect ratio of M 5 , M 6 is larger than that of M 4 , M 7 in order to achieve positive feedback.
3) DIGITAL LOGIC PROCESSING CIRCUIT
After processed by the hysteresis comparator, the wake-up signal is sent to the digital logic processing unit. Schematic of the digital logic processing circuit is shown in Fig.9 .
The wake-up signals are counted by the digital logic circuit, once they reach certain number, the receiver will output a wake-up signal. Then it wakes up the power management module or MCU, leading the in-tire monitoring SoC start to work. The wake-up signal will keep logic high until the receiver obtains a reset signal from the MCU, and then the receiver goes to next work cycle. 
C. WAKE-UP RECEIVER IMPLEMENTATION AND TEST
Based on the structure shown in Fig.5 , the 125kHz wake-up receiver is fabricated in 0.35µm high voltage (HV) BCD process and draws no more than 5µA from a 3.3V power supply. Microphotograph of the 125kHz wake-up receiver, the evaluation board and the test environment are shown in Fig.10 , Fig.11 and Fig.12 , respectively. Total area and active area of the receiver are 1.4mm 2 and 0.48mm 2 , respectively. The ASK demodulation output and wake-up output of the receiver is shown in Fig.13 . As can be seen, the receiver can VOLUME 6, 2018 TABLE 2. 125 kHz low frequency wake-up receiver's test results compared with similar commercial products.
FIGURE 12.
Test environment of the wake-up receiver. demodulate ASK modulated wake-up signal correctly, when the wake-up condition is met, it will output a logic one signal to wake up the in-tire monitoring SoC.
Test results of the 125kHz wake-up receiver compared with similar commercial products are shown in TABLE.2.
IV. 433MHZ DATA TRANSMITTER
The data transmitter is composed of PLL, power amplifier (PA) and ASK modulator. In this section we will discuss the design process of the transmitter.
A. ARCHITECTURE OF THE 433MHZ DATA TRANSMITTER Fig.14 shows the architecture of the proposed data transmitter. The on-chip part is in red dashed box, which consists of PLL (within the black dotted box), ASK modulator, power management unit and PA. The 433.92MHz carrier is generated by the integer N-type PLL. With the PLL providing carrier signal, MCU modulate the carrier signal through an ASK modulator. Then, the tire status data collected by the RSM module is transmitted to the central control module (CCM).
To reduce power consumption, this design adopts three power modes: data transmission mode, sleep mode and PLL mode. When data transfer is required, the transmitter works on data transmission mode, which of the maximum power consumption, both PLL and PA are working; When no data transfer, the transmitter works on sleep mode, which of the minimum power consumption, both PLL and PA are closed; When data transfer is required, but the PLL is not locked, the transmitter works on PLL mode; at this time, the PLL is working, but PA closed. The power consumption in this paper refers to data transmission mode.
B. THE DESIGN PROCESS OF PLL
As shown in Fig.15 , the PLL is an integer N-type charge pump phase-locked loop; through the frequency discriminator's frequency monitoring function to increase the lock speed of the PLL; the PLL frequency range is approximately equal to the frequency tuning range of the VCO. The PLL is composed of frequency discriminator/charge pump (PFD/CP), loop filter (LPF), voltage controlled oscillator (VCO) and frequency divider (DIV).
The working principle of the PLL is that the reference frequency provided by the external crystal (F xtal ) is input to the PFD/CP; PFD/CP performs frequency detection and amplifies the frequency error (ferr), and converts the phase error into a current proportional to the phase error amplitude; The current is converted to the corresponding value of the voltage through the LPF to control the VCO oscillation frequency; The DIV divides the output of the VCO by negative feedback to the PFD, and reduces the ferr of the PFD, simultaneously. When ferr is small enough, the phase detector (PD) starts to work and the phase discrimination process is similar to the above-mentioned frequency discrimination process. 
1) PHASE AND FREQUENCY DETECTOR
Schematic of the PFD is shown in Fig.16 . If F div < F xtal , O_X will be a series of pulses, and O_D remains 0. If opposite, O_X will keep as 0, and O_D outputs pulses, thereby completing frequency detecting function. If F div and F xtal are the same frequency, but the F div 's phase is behind F xtal 's, O_X will be a series of pulses, with pulse width proportional to the phase difference between F xtal and F div , and O_D remains 0. Similarly, in the opposite condition, O_X will be 0, and O_D is a series of pulses. Thus, the phase detecting function is fulfilled.
The presence of O_X and O_D's rising and falling delay will lead to dead time effect (pulse width is not proportional to the phase difference). By adding a buffer (Buf) to delay the narrow pulse while O_X and O_D is high, this effect can be weakened.
2) CHARGE PUMP
Schematic of the charge pump is shown in Fig.17 . When O_X is logic low and O_D is logic high, M 6 and M 11 turn on, simultaneously (state before charge pump reset). And when O_X is logic high, and O_D is logic low, M 6 and M 11 turn off, so the charge pump neither draws current from I OUT nor injects current to I OUT . When O_X and O_D are both logic low, M 6 is on, M 11 is off, the charge pump injects current to I OUT through M 6 and M 8 . When O_X and O_D are both logic high, M 6 turns off, and M 11 turns on, the charge pump draws current from I OUT via M 9 and M 11 .
Additional attention should be paid on the current match when designing charge pump. If the match is poor, there will be cyclical fluctuations on the VCO control voltage after PLL lock. These cyclical fluctuations will worsen PLL's frequency stability and phase noise performance. M 6 , M 8 and M 9 , M 11 are cascoded to increase the output impedance and reduce current mismatch at the same time.
3) VOLTAGE CONTROLLED OSCILLATOR
Schematic of the negative resistance LC VCO is shown in Fig.18 . PMOS transistor M 1 and M 2 , along with NMOS transistors M 3 and M 4 consist two cross-coupled structures to provide negative resistance; PMOS and NMOS cross-coupled structures can provide higher transconductance to enhance the switching speed of the MOS switch; this structure can also achieve the benefit of improved phase noise performance caused by symmetry properties simultaneously.
VCO operates in current restricted zone to reduce its impact on the supply voltage. Capacitance C is used to adjust the VCO's voltage sensitivity Kvco. If Kvco is much too high, it will cause the deterioration of the PLL's phase noise performance; but if Kvco is much too low, the frequency tuning range of the VCO will be restricted and thus affects the lock up of PLL. So the value of C should be carefully chosen to get best performance [24] .
Since China has no short-range wireless communication standard, for convenience, this design refers the Considering the design margin, the minimum received power is set to −80dBm. When the short-range wireless communication system receiver blocking characteristic requirements are considered, the phase noise with 300kHz carrier frequency offset is as follows:
C. THE CLASS AB POWER AMPLIFIER (PA)
Schematic of the class AB PA is shown in Fig.19 Since the values of the capacitance and inductance in the matching network are relatively large, the output matching network is also implemented off-chip. Since it is very difficult for single-stage PA to achieve a 15-20dB power gain, this design adopts a two-stage structure, which are the pre-driver stage and the power output stage. Post-layout simulation results of the data transmitter's ASK modulation is shown in Fig.20 . As can be seen, the PLL locked at 433.9MHz at 43µs.
D. DATA TRANSMITTER IMPLEMENTATION AND TEST
Based on the structure shown in Fig.14 , the proposed 433MHz data transmitter is fabricated in the 0.18µm process and draws no more than 7.3mA from a 1.8V power supply. The microphotograph of the 433MHz data transmitter is shown in Fig.21 . Total area of the data transmitter is 0.964 mm 2 , and the active area is 0.64 mm 2 .
As can be seen from Fig.22 , the phase noise at 300kHz (channel bandwidth) is −102.93dBc/Hz, and this value can meet the TPMS's application requirement calculated in Eq.(33).
As seen from Fig.23 , output power of the transmitter is −10.12dBm@433.92MHz. As this design adopts ASK modulation, thus, there are two sidebands, and the sidebands of output spectrum meet the specification. Fig.24 shows that the data transmitter can transfer the data processed by MCU with ASK modulation in the form of electromagnetic waves to the 433MHz data receiver through an antenna.
Test results of 433MHz data transmitter and similar design are compared in 
V. CONCLUSION
In order to eliminate the defect of the existing battery TPMS in the battery replacement and system performance affected by the battery status, we proposed the battery-less TPMS. Among them, the wireless energy transmission and energy receiving module has been able to normally drive the system based on commercial chips. This paper mainly focuses on the in-tire wireless communication module of the battery-less TPMS, that is, the 125kHz wake-up receiver and the 433MHz data transmitter.
According to the TPMS application requirements and the relevant wireless communication theory, the design parameters of the two modules are described in detail. On the basis of theoretical calculation, the principle and design of each circuit module of LF wake-up receiver and data transmitter are derived in detail, and the related chip is fabricated and tested.
Based on 0.35µm CMOS HV BCD process, the 125kHz wake-up receiver is designed and taped out. With low noise, low mismatch and sub-threshold design, and the logarithmic amplifier to achieve ASK demodulation and dynamic range compression, the power consumption of the receiver is very low.
Test results show that the operating voltage range is 2.8-5.5V, with the overall work current of 5µA under 3.3V supply voltage, operating temperature range of −40-125 • C, sensitivity of 0.5mVpp, carrier frequency ranges of 125kHz± 20%, and the data rate of 35kbps (Max). The overall performance meets the TPMS application requirements.
The 433MHz data transmitter is designed in 0.18µm process and taped out. Test results show that the operating voltage range is 1.6-2.0V, with frequency tuning range of 410-450MHz, and transmit power of −10dBm@433.92MHz, PLL phase noise of −103dBc/Hz@300kHz, and typical operating current of 7.3mA under 1.8V supply voltage. All the parameters meet the application requirements.
With commercial 433MHz data receiver and 125kHz data transmitter, the designed chips and commercial chips realize wireless communication of battery-less TPMS. We test the wake-up communication link and data transmission link in system level. System-level test results show that the design of the tire wireless communication module can work well in 20m, which meets most vehicle requests; and the wireless communication program is feasible. Our future research work will focus on the processing of tire status data.
